Transcription factor TFIIIB plays a central role in transcription initiation by RNA polymerase III on genes encoding tRNA, 5S rRNA, and other small structural RNAs. We report the purification of a human TFIIIB-derived complex containing only the TATA-binding polypeptide (TBP) and a 90-kDa subunit (TFIIIB90) and the isolation of a cDNA clone encoding the 90-kDa subunit. The N-terminal half of TFIIIB90 exhibits sequence similarity to the yeast TFIIIB70 (BRF) with TBP, and with a pol III subunit (6-11). Consistent with parallel roles of TFIIIB and TFIIB in the recruitment of pol III and pol II, respectively, the N-terminal domain of yeast TFIIIB70 is related in sequence to TFIIB (11)(12)(13)(14). The indication that TFIIB also serves as a target for various genespecific activators (15) 2), a greater complexity in mammalian TFIIIB structure might be expected.
tRNA, and VAl RNA genes, and both the TFIIB-related domain and the HMG2-related domain are required for this activity. TFIIIB90 is also required for transcription of human 7SK and U6 RNA genes by RNA polymerase Ill, but apparently within a complex distinct from the TBP/TFTIIB90 complex.
Transcription of small structural RNA genes by RNA polymerase (pol) III involves a number of accessory factors (for review, see refs. 1 and 2). These include the "common" factors TFIIIC and TFIIIB, which suffice for transcription of tRNA and virus-associated (VA) RNA genes, and, in some cases, additional gene-specific factors (e.g., TFIIIA for 5S genes and a proximal sequence element-binding factor for mammalian U6 and 7SK genes). Transcription of tRNA and VA RNA genes begins with recognition of internal promoter elements (A and B boxes) by TFIIIC, followed by sequential binding of TFIIIB and pol III. The process is similar for 5S RNA genes, except that TFIIIC recruitment is dependent upon prior binding of TFIIIA to a distinct set of internal promoter elements (3). Studies in yeast have indicated a primary role for TFIIIB as an initiation factor, since it can remain stably bound (in a position-specific but sequence-independent manner) and facilitate pol III recruitment and function following dissociation of TFIIIC or TFIIIC plus TFIIIA from the corresponding preinitiation complexes (4). TFIIIB is also of special interest, since, the TATA-binding polypeptide (TBP) commonly required by all nuclear RNA polymerases (for review, see ref 5) is an essential component. TFIIIB structure and function are best understood in yeast, where additional subunits of 70 kDa (BRF, TFIIIB70) and 90 kDa (TFIIIB90) account, with TBP, for all the properties of yeast TFIIIB (6) . Studies have demonstrated sequential binding of yeast TFIIIB70, TBP, and yeast TFIIIB90 to a TFIIIC promoter complex (6), as well as accompanying conformational changes in TFIIIC and TFIIIB components (6, 7) . In agreement with these findings and the role of TFIIIB in pol III recruitment, yeast TFIIIB70 was shown to interact independently with a yeast TFIIIC subunit,
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with TBP, and with a pol III subunit (6) (7) (8) (9) (10) (11) . Consistent with parallel roles of TFIIIB and TFIIB in the recruitment of pol III and pol II, respectively, the N-terminal domain of yeast TFIIIB70 is related in sequence to TFIIB (11) (12) (13) (14) . The To examine these questions we have further purified human TFIIIB and here report the cloning and characterization of a 90-kDa TFIIIB subunit (TFIIIB90)t having both similarities and differences with the yeast TFIIIB70 subunit.
MATERIALS AND METHODS Purification of TFIIIB. One hundred milliliters (1200 mg of protein) of HeLa cell S100 fraction (20) was loaded onto a phosphocellulose (Whatman P11) column (3.5 cm x 10 cm) in buffer C [20 mM Hepes, pH 7.9/0.2 mM EDTA/10% (vol/vol) glycerol/0.5 mM phenylmethylsulfonyl fluoride/3 mM dithiothreitol] containing 100 mM KCl (BC100), and, after washing, step-eluted with BC350 and BC600 (21). The BC350 fraction (200 mg of protein) was diluted with BCO to 200 mM KCl, loaded onto a Mono Q HR10/10 FPLC column (Pharmacia), and eluted with a 20-column-volume linear gradient from BC200 to BC600. For some experiments, Mono Q factions containing TFIIIB activity were pooled and incubated with antigen-purified anti-TBP antibody-protein A-Sepharose 4B for 3-6 hr. The resin was washed with BC300/0.1% Nonidet P-40 and bound material was eluted with 100 mM glycine at pH 2.5. Eluents were neutralized with 1.5 M Tris HCl at pH 8.8 or by dialysis against BC100 for 3 hr to Abbreviations: BCn, buffer C with n mM KCl; GST, glutathione (Fig. 1A) . Both of the 90-kDa polypeptides bound 35S-labeled TBP in a protein blot analysis (Fig. 1B) . The polypeptides eluted from the anti-TBP column were renatured by dialysis against BC100 for 3 hr and assayed in a complementation assay with highly purified pol III (24), partially purified TFIIIC, and a VAl RNA template ( (lane 3), the renatured polypeptides showed a high activity, comparable to that partially purified TFIIIB (lane 5). These results indicate that the polypeptides eluted from the anti-TBP antibody column had TFIIIB activity.
Cloning of a cDNA Encoding TFIIIB90. TFIIIB purified from -3 liters of HeLa S100 fraction (36,000 mg of protein) was subjected to SDS/7% PAGE and the resolved polypeptides were transferred to a poly(vinylidene difluoride) membrane. The region containing TFIIIB90 (two bands) was excised and digested with endoproteinase Lys-C. Eluted peptides were separated by reverse-phase HPLC and subjected to microsequence analysis. Peptides EEVEGEISSYQDAIEIE and GDGELDLSGIDDLEID were used to design oligonucleotides 5'-GAIGAIGTIGAIGGIGARATITCITCITAYG-ARGAYGCIATIGARATIGA-3' and 5'-GGIGAYGGI- Fig. 2A ).
Structural Features of TFIIIB90. Comparison of the TFIIIB90 sequence with available data bases (PDB, GenBank, and EMBL; April 1995) revealed a striking sequence relationship (30% identity and 53% similarity overall) to the yeast TFIIIB70 (BRF) (11) (12) (13) (14) , with much greater conservation in the N-terminal half (41% identity, 61% similarity) than in the C-terminal half (12.5% identity, 31% similarity) (GCG pro- Fig. 3B; Fig. 4B, lane 4) . To elucidate the region(s) of TFIIIB90 involved in the interaction with TBP, TBP binding to N-and C-terminal halves of TFIIIB90 was analyzed. Protein blot analysis with a TBP probe showed strong binding to the C-terminal half (aa 281-675) (Fig. 4B, lane 6) but no detectable binding to the TFIIB-related N-terminal half (aa 1-300) (Fig. 4B, lane 5) . However, binding assays with immobilized FLAG-tagged or GST fusion proteins ( Fig. 4C ; see also figure legend) showed a weak interaction (resistant to 100 mM KCl but sensitive to 0.1% Nonidet P-40 plus 100 or 300 mM KCl) of TBP with the N-terminal half of TFIIIB90 (Fig. 4C, (10) as well as both N-and C-terminal domains (11). That a TBP mutant which specifically inhibits pol III transcription also reduces an interaction with the C-terminal part of yeast TFIIIB70 attests to the biological significance of these Cterminal interactions (11).
For functional analyses, the intact and truncated TFIIIB90 proteins were expressed in a rabbit reticulocyte lysate, purified on Ni2+-NTA-agarose (Fig. SA, lanes 1-3) , and assayed in a bearing GST alone (lanes 8) or GST-truncated TFIIIB90 fusion proteins (lanes 10 and 11) were incubated at 4°C for 1 hr on a rotating wheel with 0.1 ,ug of recombinant TBP. The amounts (1 jig) of TFIIIB90 and truncated TFIIIB90 proteins were normalized by SDS/ PAGE with Coomassie blue staining. For lanes 7-11, the incubation and wash buffer was BC100 (Top), BC100/0.1% Nonidet P-40 (Middle), on BC300/0.1% Nonidet P-40 (Bottom). The washed beads were boiled in 50 ,l of SDS sample buffer and 5-,ul samples were loaded onto an SDS/10% polyacrylamide gel and analyzed by Western immunoblot with anti-human TBP antibody.
Proc. Natl. Acad. Sci. USA 92 (1995) 4M.110 ''M -.-m-TBP system reconstituted with the VAl gene, recombinant TBP, pol III, and partially purified TFIIIC (Fig. SB, lanes 4-7) . Deletion of either the N-terminal, TFIIB-related half (lane 7) or the C-terminal, HMG2-related domain (lane 6) totally abolished TFIIIB transcription activity, whereas intact TFIIIB90 was fully active at an equivalent molar ratio (lane 5 vs. lane 4). These results indicate that both domains are important for TFIIIB90 function, and are consistent with the observation that the C terminus of yeast TFIIIB70 is required for cell viability (14).
U6 and 7SK Gene Transcription Requires a Distinct Complex Containing TBP and TFIIIB90. Although a role for TBP in human 7SK and U6 transcription by pol III is established, the involvement of TAFs is not clear (16, 31) . To test the role of human TFIIIB90, nuclear extract was incubated with preimmune serum or a corresponding antiserum to human TFIIIB90, a procedure which removed >90% of the endogenous TFIIIB90 (data not shown; see ref. 19). As expected, anti-TFIIIB90 antiserum, but not preimmune serum, dramatically reduced VA1, tRNA, and 5S RNA transcription and, somewhat surprisingly, both U6 and 7SK transcription (Fig. 6,  lanes 1 and 2) . However, while either native TFIIIB (lane 3) or recombinant TBP plus recombinant TFIIIB90 (lane 4) almost completely restored transcription of VA1, tRNA, and 5S RNA genes (with added TFIIIA in the latter case), neither had any detectable effect on 7SK and U6 transcription. These studies establish a role for TFIIIB90 in 7SK and U6 transcription but also suggest that the corresponding complex differs in some way from that involved for VA1 transcription.
DISCUSSION
The central role played by TFIIIB in the recognition of marked (activator/accessory factor-bound) class III promoters and in the subsequent recruitment of pol III (see Introduction) necessitates an investigation of its structure and function. Here we report the cloning of a cDNA encoding a TFIIB-related subunit of human TFIIIB and a further analysis of its structure and function in the transcription of distinct class III genes.
Composition and Function of a Mammalian TFIIIB. Using an assay system composed of pol III and a partially purified (10, 11, 25) , it is expected that human TFIIIB90 will have a similar role in pol III recruitment through concomitant interactions both with pol III and with TBP and promoter-bound TFIIIC. Yeast TFIIIB70 has been shown to interact with specific subunits of pol III (10, 11) and TFIIIC (8, 11) as well as with TBP. The timing and function of the N-and C-terminal interactions of human TFIIIB90 with TBP remain to be determined and could vary during preinitiation complex formation (6). Both regions of human TFIIIB90 appear to be essential for function (Fig. 5) , consistent with studies of yeast TFIIIB70 (14) .
Interestingly, the C terminus of human TFIIIB90 differs considerably from that of yeast TFIIIB70 and contains sequences related to those in HMG2 and in histone Hi-I (Fig.   2B) 
